Novel fluorescent carbon dots (CDs) were synthesized using an economically feasible and green one-step heating process. Miscanthus, a perennial grass and an inexpensive sustainable biomass, was utilized as the starting material to prepare CDs and doped CDs (nitrogen, phosphorous and nitrogen-phosphorous dual 
Introduction
Fluorescent carbon dots (CDs) have generated attention in various elds such as optoelectronic devices, 1 drug delivery, 2 bioimaging, 3, 4 and biosensors, 5 etc. Their unique and fascinating properties, such as superb photostability, photoabsorption, photobleaching resistance, chemical resistance, biocompatibility, low toxicity, and excellent water solubility, make them appropriate for many advanced applications.
6-9
Numerous top-down and bottom-up methods have been studied for CD synthesis. 4, 7 However, most of the top-down approaches are burdened by manufacturing difficulties, largescale production expenses due to the use of costly equipment and tedious processes. 10 In contrast, the bottom-up approaches are cost-effective, simple and environmentally friendly. Not only is the method of synthesis important, but the quantum yield (QY) of the CDs is also an important aspect of advanced applications of CDs. If proper functional groups are used for surface passivation and samples are doped with heteroatoms, then usually there is an enhancement in the QY of CDs. 11, 12 Of these two approaches, doping is the more promising technique, since it can efficiently tailor the inherent properties of CDs such as electronic properties, optical properties, etc. Recently, development of sustainable precursors for synthesis of nanomaterials has been of signicant interest to replace conventional chemical feedstocks. Many sustainable carbon-based starting materials have been investigated for CD synthesis because these feedstocks are environmentally friendly and economically feasible materials. 13 In many cases, sustainable materials are derived from biobased precursors. [14] [15] [16] [17] [18] [19] Such carbon sources can be generalized under the following categories: fruits/vegetables, food/beverage wastes, animal/human derivatives and plant/agricultural biomass materials. 13 The use of agricultural biomass and wastes has a positive impact on the environment as the materials repurpose waste into value-added products. 20 Furthermore, the waste products can be obtained at little to no cost. 21 Different wastes, such as used frying oil and kitchen waste, were used as potential precursor for CD synthesis, but the CDs obtained had a very low QY of 3.1%. 22, 23 Purkayastha et al. 23 and Park et al. 24 have used agricultural and food waste, respectively, to synthesize CDs. Park and his coworker successfully obtained 120 g of CD from 100 kg of food waste by a room temperature, ultrasonic-assisted method of synthesis.
24 CDs were also synthesized from different vegetable wastes, like onion peel, ionic liquid as solvent. 27 However, this work features the novel use of an agricultural residue.
Miscanthus, a perennial grass grown abundantly in Canada, is an environmentally sustainable carbon source. 28 Miscanthus is a biomass source which contains high-quality lignocellulosic material. 29 To the best of our knowledge, there is no study on synthesis of CDs from Miscanthus grass. Furthermore, the material can be obtained cost effectively 28 and would make a perfect starting material for the synthesis of CDs.
CDs have displayed good potential for use in metal ion sensing applications. Detection of Fe 3+ ions is vital from the viewpoint of clinical research and for environmental concerns. 30, 31 Fe 3+ ions serve a crucial role in biological systems as components of the cell metabolism, oxygen delivery systems, enzymatic co-factors, and electron transfer systems. 32 In addition, iron is extensively used in industrial metal production, as it is one of the most abundant metals on the earth.
10 Detection of metal ions via uorescence probes possesses many advantages, including ease of operation, high selectivity and excellent sensitivity. 21 In comparison to conventional uorescent materials, which use a sensor probe, CDs demonstrate improved properties, including strong size and excitation-dependent photoluminescence (PL), excellent biocompatibility and low toxicity. 22 
Preparation of Miscanthus extract
Miscanthus extract was prepared by placing 50 g of Miscanthus bers in 700 mL DI water. This ratio of Miscanthus to water was the minimum amount required to completely emerge the ber and maintain a uidic consistency for stirring. The mixture was covered with aluminum foil and placed on a hot plate which was then heated to 80 C and stirred at 500 rotations per min (rpm).
Aer 1 hour of heating, the solution was vacuum ltrated. The recovered ltrate was used as a precursor for the CD synthesis by conventional heating methods.
Synthesis of Miscanthus-derived CDs (MCDs) and doped MCDs
MCDs were synthesized via a conventional heating method. Approximately 100 mL of Miscanthus extract was transferred to an Erlenmeyer ask and pH of the solution was adjusted to 11 using KOH aqueous solution (1 N). The ask was capped with a cotton plug and placed in an oven at 180 C for 4 hours. Then, the ask was allowed to cool down and the dark brown dispersion of MCD was collected by ltration. Aer that, samples were neutralized and centrifuged at high speed to remove the insoluble and large particles (8000 rpm) for 10 minutes. Nitrogen-doped samples were synthesized with 100 mL of Miscanthus extract combined with 6 mL of EDA. Phosphorus-doped MCDs were synthesized by combining 100 mL of Miscanthus extract and 2 mL of PA. Lastly, dual-doped MCDs were synthesized with 6 mL of EDA and 2 mL of PA added to approximately 600 mL of Miscanthus extract and synthesized via conventional heating methods. The amounts of EDA and PA chosen for this study were based upon previous work by Liu et al. 38 to prepare nitrogen-and phosphorous-doped CDs. The doped MCDs were also ltered, neutralized and centrifuged following the same method. A small amount of MCDs and doped MCDs were dried in the freeze drier for characterization with the remaining parts of the samples kept as aqueous dispersions.
Characterization of CDs
The ultraviolet-visible (UV-visible) spectra of MCDs and doped MCDs in aqueous solution were recorded on a Cary 300 spectrometer (Agilent Technologies, California, USA) over the range 200-500 nm. Fourier-transform infrared (FTIR) spectroscopy analysis was performed by a Nicolet 6700 (Thermo Scientic, Massachusetts, USA) over a small orbit diamond window with 164 scans and a resolution of 4 cm À1 . A Phenom ProX scanning electron microscope (SEM) equipped with energy dispersive Xray (EDS) was used to evaluate the elemental composition of MCDs and doped MCDs. The transmission electron microscopy (TEM) images were taken on a JEOL 2010F working at 200 keV. MCDs and doped MCDs were placed onto holey carbon TEM grids and dried at room temperature under vacuum before imaging. Furthermore, the Raman spectral analysis was performed via DXR™ 2 Raman microscope (Thermo Scientic, Massachusetts, USA) through a 50 mm pinhole at 10Â magni-cation and laser wavelength of 532 nm. The X-ray diffraction (XRD) study was carried out at room temperature (ca. 25 C) by a Rigaku Automated Powder X-ray Diffractometer with Cuka irradiation (l ¼ 0.154 nm) over a range of 2q ¼ 10-70 at scan rate 1/min. All uorescent spectra were taken with a Cary Eclipse Spectrophotometer (Agilent Technologies, California, USA) at different excitation wavelengths (320, 350, 370, 390 and 410 nm) and varying pH values. Dilute 0.01 M KOH and 0.01 M PA were prepared and used to adjust the pH of MCD solutions. The QYs of MCD and doped MCD solutions were calculated using eqn (1),
where intensity of uorescence spectra, optical density at excited wavelength, and the refractive index of the used solvent (water) are represented by I, A and h, respectively. Quinine sulfate in 0.1 M H 2 SO 4 solution was used as the reference material. The subscript 'R' in eqn (1) 3 Results and discussion
Synthesis of MCD and doped MCDs
Miscanthus grass is a perennial herbaceous plant with lignocellulosic structure. 39 Different-aged Miscanthus grasses contain cellulose (41.7-53.6%), lignin (20.1-23.8%), ash (3.57-6.30%), pentosans (20.0-25.3%), and extractives (2.8 to 5.7%). 39, 40 The aqueous extract of Miscanthus grass contained these extractives and soluble oligomers. 41 The detailed possible mechanism for the formation of MCDs is shown in Scheme 1. The major steps during synthesis included polymerization, aromatization, nucleation, and growth of particles. 42, 43 Initially, the extractives and soluble oligomers reacted with each other through intermolecular dehydration under basic conditions. This aided in the formation of large-sized polymer nanoparticles. The polymer nanoparticles formed, continuously contracted due to further intramolecular dehydration. At this stage, aromatic clusters with a number of C]O and C]C groups formed inside the polymer nanoparticles. Aer reaching the critical supersaturation concentration, a nuclear burst of the aromatic clusters takes place to form the MCDs. 
Characterization of MCD and doped MCDs
The UV-visible spectra of MCD and doped MCD solutions showed a maximum absorption peak at 277-284 nm, as well as a prolonged tail in the visible region (Fig. 1) . De et al. 42 found a similar peak at 283 nm for banana extract-derived CDs. Peaks in this region occurred as a result of the n-p* transition of electrons for the C]O bond, in addition to the p-p* transition of electrons for C]C or C]N bonds, respectively. 42 All the doped MCDs (N-doped, P-doped, and dual-doped) possessed two absorption peaks. The presence of a secondary peak was also found in N-doped samples prepared by Yuan et al. 44 The second peak most likely resulted from samples trapping energy in the excited states via the surface states;
45 which was previously reported in the literature and assigned to the n-p* transition of electrons in the carbogenic core.
46
FTIR spectra were recorded to conrm the presence of specic functionality in the MCDs and doped MCDs (Fig. 2) . The broad peak at 3274 cm À1 was due to the N-H stretching 47 and vibrations of O-H groups. 48 The smaller peak at 2930 cm À1 existed due to stretching of C-H groups. 48 In the FTIR spectra obtained from MCDs, prominent peaks at 1683, 1126 and Scheme 1 A proposed mechanism for the formation of MCDs. À1 were found for carbonyl (C]O), C-N and C-O stretching, respectively. Shi et al. 21 also found similar kinds of FTIR peaks in cornstalk-based CDs. FTIR peaks for N-doped MCDs and dual-doped MCDs showed a strong NH 2 scissoring peak at 1582 cm À1 . 44 This indicated the presence of amine groups in N-doped MCDs and dual-doped MCDs. Yuan et al. 44 also noticed NH 2 scissoring peaks at the same position for citric acid-based N-doped CDs. P-doped MCDs demonstrated a characteristic peak for the P-O-H stretching bond at 944 cm À1 .
38
This suggests successful doping in MCDs. Based on the peaks observed on the FTIR spectra from the MCD aqueous solutions, it can be deduced that the samples possessed various surface functionalities, including amine groups, hydroxyl, carbonyl and carboxylate groups. In order to nd out the elemental composition of MCDs and doped MCDs, the weight of the elements and the atomic ratios of the elements were determined from SEM/EDS data and are displayed in Table 1 . The nitrogen content in N-doped MCDs was estimated to be ca. 28.8%, which indicated that N-doped MCDs were nitrogen rich in nature. The content of phosphorous in P-doped MCD was found to be ca. 7.4%. Also, signicant amounts of phosphorous and nitrogen were found in dualdoped MCDs. This suggested successful doping of heteroatoms in the MCDs.
The XRD patterns of MCDs and doped MCDs displayed a broad peak at 2q ¼ 21.7 with a lattice space of 0.41 nm, which corresponded to the graphite lattice spacing of (002) (see Fig. 3a) . The larger lattice space in comparison to graphite (0.34 nm) may be caused by the presence of an enormous amount of functional groups. 15 The broad peak suggests that the synthesized MCDs and doped MCDs were moderately crystalline in nature.
18
Raman spectra of MCDs and doped MCDs are presented in Fig. 3b . Two Raman peaks were found at 1362 and 1598 cm À1 , which were attributed to D-and G-band, respectively. The Dband and G-band correspond to defects and the E 2g mode of graphitic structure, respectively. 10 The position of the peak was unchanged aer doping of MCDs; however, the intensity ratio (I D /I G ) changed upon doping. The I D /I G for MCDs was measured and found to be 0.81; however, the value increased to 0.89 for Ndoped MCDs. This indicated that the doping attached more functional groups and, hence, the defects in the structure increased.
14, 16 
TEM analysis of MCDs and doped MCDs
The morphology and particle size of MCDs and doped MCDs were characterized and measured by TEM, as the photoluminescence (PL) properties of CDs are mostly dependent on particle size. The TEM images of MCDs and N-doped MCDs are shown in Fig. 4 , which demonstrates that both MCDs and doped MCDs were mainly orbicular in their morphology and were distributed evenly without any agglomeration. The average size of MCDs, N-doped MCDs, P-doped MCDs and dual-doped MCDs was found to be 7.87 AE 0.27, 4.6 AE 0.21, 6.7 AE 0.38 and 5.3 AE 0.32 nm, respectively. This suggested that MCDs and Ndoped MCDs may have wavelength-dependent PL properties. We further investigated the wavelength-dependent PL properties and these are discussed in the next section.
In the high resolution TEM image of the N-doped MCDs, the lattice fringes were clearly observed (Fig. 4b, inset) . This further indicated the presence of graphitic layers in the N-doped MCD structure.
Optical properties of MCD and doped MCD
A thorough study on the uorescence properties of MCDs and doped MCDs was carried out at regular intervals from 320 nm to 410 nm (for excitation wavelengths). The excitation-dependent emission spectra of MCDs and doped MCDs are shown in Fig. 5 . The strength of the PL emission was calculated by the intensity of the peaks. The intensity of the samples was strongly dependent on the number of excited particles at the excitation wavelength. 42 The synthesized MCDs and doped MCDs experienced excitation-dependent emission and a red-shi in emission peak values with increased excitation wavelength. The maximum emission wavelengths were found at 431 nm, 512 nm, 455 nm and 485 nm for MCDs, N-doped MCDs, Pdoped MCDs and dual-doped MCDs, respectively. The Ndoped MCDs exhibited a unique and systematic increase in PL properties. As the excitation wavelength increased, both the intensity and emission wavelengths increased. According to previous work by Ding et al., 48 the improvement in uorescence of the samples was most likely attributed to nitrogen doping. P-doped MCDs experienced similar PL properties for excitation wavelengths of 350, 370 and 390 nm. The dual-doped MCDs also exhibited relatively similar intensities, with the strongest emission at 485 nm (390 nm excitation). Overall, these samples possessed good PL properties, especially N-doped MCDs which showed the strongest PL emission. According to literature, excitation-dependent PL properties are controlled by various factors, including: the carbogenic cores that are present in the samples, the surface states and the quantum effects possessed by all samples. 48 The QYs of MCDs and doped MCDs were evaluated using a reference uorescence material (quinine sulfate). QYs were found to be 4.71, 11.65, 2.33 and 9.63% for the MCDs, N-doped MCDs, P-doped MCDs and dual-doped MCDs, respectively. Since the N-doped MCDs demonstrated a high QY, it is suggested that there is potential use of these CDs as excellent uorescent probe material.
pH-dependent PL properties
To investigate the pH-dependent PL emissions of the MCDs and doped MCDs, the uorescence spectra of MCDs with different pH values, ranging from 1 to 12, were taken and are shown in Fig. 6 . The excitation wavelength was chosen based on achieving optimal uorescence during the previous analysis (Fig. 6) . A full range of the pH scale was studied to determine the inuence of acidic and basic environments on all the prepared samples. It is suggested that this work may increase the applications of MCDs in pH sensing applications. Furthermore, it was quite interesting to nd that both acidic and basic environments resulted in uorescence quenching. Fluorescence quenching has been used to describe the decrease in PL properties as a result of the changed environment for the CDs. 49 The PL intensity was higher under neutral conditions, while decreasing signicantly in either strongly acidic or basic solutions. This indicated that the MCDs and doped MCDs were sensitive to acid-base conditions. The PL spectra shied towards higher wavelengths aer changing the pH and this phenomenon was most pronounced under alkaline conditions (Fig. 6) .
The change in PL emission was attributed to protonation of functional groups (hydroxyl/carboxyl) in acidic conditions and deprotonation in basic conditions.
46,49 According to research, under neutral conditions the carboxylic groups were more likely to exist without the hydrogen attached, since the pK a is between 4 and 5, whereas the pK a value for the hydroxyl group is between 8 and 10. 46 Due to the newly generated surface state, MCDs displayed PL emissions at longer wavelengths under alkaline conditions. In doped MCD samples, it was found that signi-cant quenching occurred in alkaline pH. The performance of these samples may be attributed to the different degrees of deprotonation in the doped MCDs at alkaline pH.
Application of the MCDs for Fe 3+ detection
To nd the selective uorescence-sensing efficiency of the synthesized MCDs and doped MCDs towards Fe 3+ ions, the quenching properties were obtained in the presence of different metal ions (Co 2+ , Ni
2+
, and Mn 2+ ), each with a concentration of 100 mM (Fig. 7) . In Fig. 7 , it is clearly seen that the MCDs and Ndoped MCDs possess excellent sensitivity and selectivity for Fe The PL intensity of the N-doped MCDs progressively reduced aer addition of Fe 3+ ions over the concentration range of 10 mM to 2 mM (Fig. 8) . The remarkable quenching of PL . 50 The radiative transition was interrupted; and this led to quenching of uorescence emission.
In Fig. 9a, The intensity of the uorescence spectra for N-doped MCDs was measured in the presence of Fe 3+ concentrations over the range 10-100 mM to determine the limit of detection (LOD) (Fig. 10) . The (F 0 À F)/F 0 value was plotted against Fe 3+ ion concentration; a good linear relationship was determined between both variables. The LOD was found to be 0.02 mM based on eqn (2) .
where s represents the standard deviation of the PL intensities and S represents the slope of the linear calibration plot shown. The Stern-Volmer constant, K, was determined using eqn (3) and adapted from the literature.
where F and F 0 are the uorescence intensities without and with the presence of Fe
3+
, respectively. K is the quenching constant and [Q] is the concentration of the quencher. Due to the linear nature of Fig. 10 , the literature suggested only one type of quenching occurred. 53 K was found to be 7.1 Â 10 4 M À1 which, according to literature, is attributed to static quenching.
54
Static quenching was in response to the formation of a nonuorescent uorophore while the CDs were in their ground state. 51 In fact, Scheme 2 shows the possible uorescence quenching mechanism of N-doped MCDs by Fe 3+ ions. The presence of polar functional groups, including hydroxyl, amine and carboxylic, in N-doped MCDs was conrmed by FTIR spectroscopy. These functional groups could form a complex with the Fe 3+ ions. 30 Therefore, the electron or energy was transferred between Fe 3+ ions and N-doped MCDs. 11 The nonradiative energy or electron transfer may be the reason for the quenched uorescence of MCDs in the presence of Fe 3+ .
Furthermore, we compared the reported CDs and carbonrelated materials for detection of Fe 3+ (Table S1 in ESI †). It was determined that the N-doped MCDs exhibited comparable or even better performance, including wider linear range and LOD (0.02 mM), than those previously reported materials for the detection of Fe 3+ ions.
The results clearly indicated that the N-doped MCDs possessed a wide range of detection capability of Fe 3+ ions which may be valuable for the sensitive, selective and label-free Fe 3+ ion detection from industrial waste and biological applications.
Conclusions
A simple and scalable one-pot technique was adopted to synthesize highly uorescent MCDs and doped MCDs using an inexpensive and readily available sustainable biomass (Miscanthus grass). Nitrogen and phosphorous were successfully doped into the MCD frameworks, as was revealed by FTIR spectroscopy. All the synthesized MCDs and doped MCDs exhibited excitation-dependent PL emission behavior, as well as stable and strong uorescence, without any surface modica-tion or passivation. N-doped MCDs demonstrated a high QY (11.65%) and excellent excitation-dependent and pH-dependent PL emission. The synthesized N-doped MCDs showed superb selectivity and sensitivity to detect low concentrations of Fe ions. In addition, the N-doped MCDs demonstrated a wide range of detection abilities (0.02 to 2000 mM) with a low limit of detection (20 nM), which could be valuable for the selective detection of Fe 3+ ions from biological systems as well as in industrial waste. We believe that the proposed MCD sensors will be more benecial for further advances.
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